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ABSTRACT
The recycling of scarce elements such as platinum-group metals is becoming crucial due to their
growing importance in current and emerging applications. In this sense, the recovery of
palladium and rhodium from a spent auto-catalyst by leaching in HCl/CuCl2 media was studied,
aiming at assessing the kinetic performance as well as the influence of some processing factors,
and the behaviour of contaminant metals. Based on a kinetic model developed for the present
case, the influence of temperature was evaluated and the corresponding values of activation
energy were estimated as 60.1 ± 4.1 kJ mol−1 for Pd and 44.3 ± 7.3 kJ mol−1 for Rh, indicating the
relevance of the chemical step rather than diffusion. This finding was corroborated by the non-
significant influence of the stirring velocity. The reaction orders were estimated for each leaching
reagent: for HCl, values of 2.1 ± 0.1 for Pd and 1.0 ± 0.3 for Rh were obtained; for Cu2+, the
obtained values were 0.42 ± 0.04 for Pd and 0.36 ± 0.06 for Rh. Without any significant loss of
efficiency, solutions with higher metal concentrations were obtained using lower liquid/solid
ratios, such as 5 L/kg. The main contaminant in solution was aluminum, and its leaching was
found to be very dependent on the temperature and acid concentration.
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Introduction
Recycling of platinum-group metals (PGMs) from waste
materials, namely from catalytic converters, is gaining
growing importance due to the scarcity, economic
importance and criticality of those noble metals [1–3].
Moreover, spent catalysts are hazardous wastes that
should be correctly managed in order to avoid environ-
mental damage. Recycling is therefore mandatory for
both economic and environmental reasons.
Although pyrometallurgical processing has been
commonly used in industrial practice [4,5], direct hydro-
metallurgical treatment of catalysts is an option that has
been pursued. Several hydrometallurgical routes have
been proposed and reviewed [6,7]; usually they are
based on a leaching step in hydrochloric acid media,
involving different oxidants, such as hydrogen peroxide
[8–10], nitric acid [8,11–14] and sodium hypochlorite
[15]. The spent catalysts can be pretreated by heating
under different atmospheres before the leaching step,
as proposed in some works [16]. Alternative methods
were also considered, such as salt roasting followed by
water or HCl leaching [17,18], or even microwave-
assisted HCl leaching [19]. After the leaching step,
several options can be considered for recovering the
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PGMs from the leachates, such as solvent extraction,
cementation and selective precipitation. The recovery
of some secondary metals co-dissolved, such as alumi-
num and cerium, is also an issue that has been con-
sidered, as well as the possibility of recycling the spent
acidic chloride liquors to the leaching operation [20].
The present authors proposed a new process for the
leaching of a Pd-Rh catalyst using the mixture HCl/
CuCl2 as leaching medium [21]. In this process the
cupric ion was used as oxidizing agent, promoting the
dissolution of the PGMs as chlorocomplexes. The
several factors affecting the leaching were then studied
and optimized through a factorial design methodology,
in order to evaluate the effects of temperature, time,
and HCl and Cu2+ concentrations. Some aspects regard-
ing this leaching medium were nevertheless not fully
investigated at that time. One of them is the kinetics of
the leaching reaction. The evaluation of the reaction
rates is very important to better understand how the
system behaves, allowing the development of tools for
reactor and process design. Another aspect requiring
investigation is the behaviour shown by the other
metals present in the spent catalyst in those leaching
media. Therefore, this paper describes the results of
the leaching studies of a spent Pd-Rh auto-catalyst in
HCl/CuCl2 media, regarding the above mentioned
features.
Materials and methods
The raw material used in this work is a spent Pd-Rh cat-
alyst in ceramic substrate (with cordierite-based honey-
comb monolith morphology). The catalyst was grinded
using a cutting mill (IKA MF10) with a 3 mm discharge
grid. The material so obtained (called standard) was
used in the majority of the leaching lab work. Other pro-
cedures were adopted for the tests aiming to evaluate
the effect of the particle size: for producing a fine
material sample, a disk mill (N.V. Tema) was utilized; for
the coarse material, a slice of monolith was gently
grinded by a hand mortar. The grinded materials were
sampled using a rotating divider (spinning riffler Micro-
scal). Depending on the size range, the particle size dis-
tribution was assessed by two techniques: for the fine
material, a laser diffraction granulometer (CILAS 1064)
was utilized, while for the standard and coarse materials
the sieving technique was adopted, with adequate sieve
series apparatus (Retsch AS-200 vibrating shaker). The
average particle sizes d50 obtained for the coarse, stan-
dard and fine samples were 1.0, 0.61 and 0.016 mm,
respectively. The Pd and Rh concentrations in the
spent catalyst were in the ranges 420–470 mg kg−1 and
220–290 mg kg−1, respectively.
The leaching experiments were conducted in 200 mL
glass cylindrical vessels, equipped with mechanical stir-
ring (with a 2-blade impeller) and temperature control
system. The stirring velocity was constant in most of the
tests (sv = 250 min−1) except when this factor was the
object of study. Most of the experimental leaching tests
were performed at constant values of liquid/solid ratio
(RL/S = 20 L kg
−1) unless when this factor was specifically
evaluated. The counting of the reaction time began
when the solids were added to the reactor containing
the leachant mixture, at the set temperature of each
test. Small aliquots were taken at several times, the col-
lected samples were centrifuged and the solutions sent
for metal analysis. At the end of the experiment the lea-
chates were filtered. To verify the mass balances, the
solid residueswerewashed anddried, in order to evaluate
the involved weight losses.
The final free acidity of the leachates was determined
by titration with standard 1.0 M NaOH solution, using
methyl orange as indicator. Since the colour change of
the indicator occurs at relatively low pH, any precipi-
tation during the test is prevented.
The analysis of the metals (Pd, Rh and the accompany-
ing elements Al, Fe, Zn, Ni, Cr, Ca, Ce, La, Zr) was per-
formed by ICP-AES (Horiba Jobin-Yvon Ultima). For the
initial solid materials, a digestion in microwave with an
acid mixture (HCl/HNO3/HF) was accomplished prior to
the chemical analysis.
The leaching yields of the metals under study were
calculated from the respective concentrations deter-
mined in solution, referred to the initial average
content in the catalyst sample, pondering with the
respective volumes and weights used in each test. In
the kinetic studies described in this work, the conversion
(of the solid particles of PGMs) is currently utilized
instead of the metal yields. However, considering that
the only source of metals in solution are the PGMs par-
ticles, and that all oxidized atoms are dissolved, the
metal leaching yields are equal to the particles conver-
sions, the only difference being the scale used (0%–
100% for yields and 0–1 for conversions).
Results and discussion
Kinetics of Pd and Rh leaching
The leaching process under study is typically a non-cata-
lytic heterogeneous solid/liquid reaction, whose kinetics
is documented in the specialized literature [22–24]. The
rate of these reactions can be expressed by the
number of moles reacted or formed with time, per unit
area of surface where the reaction takes place. For the
general reaction of a solid B reacting with one or more
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leaching agents in solution (e.g. A, E,…) the rate can be
expressed by equation (1),
v = − 1
b Ag
dNB
dt
( )
(1)
where v is the reaction rate, b a stoichiometric parameter,
Ag the reacting area of the grain surface, NB the number
of moles of the solid phase and t the time. By transform-
ing the previous equation into a form allowing the exper-
imental control of the reaction progress, namely by using
the conversion α, related with the number of moles of
the reacting solid as NB = NB0 (1−α) (where the subscript
0 refers to the initial conditions) the expression depicted
in equation (2) can be obtained,
v = NB0
b Ag
da
dt
( )
= VB0r
b Ag
da
dt
( )
(2)
where ρ and VB represent the molar density and the
volume of the solid particle, respectively. The reaction
rate is also proportional to the concentration (C ) of the
involved intervenient phases and reactants, through
the rate constant, k, according to the law of mass
action, equation (3),
v = k CaA CeE CnB (3)
where A and E refer to the leachant reagents (e.g. an
acid like HCl and an oxidant like Cu2+) and B to the
solid (the PGMs). The parameters a, e and n are the
power factors reflecting the effect of the involved con-
centrations on the reaction rates, usually called the
reaction orders.
In heterogeneous reactions, the concentrations of
substances in solution are the only ones typically con-
sidered in this formulation. However, a more general
approach is followed in this paper, where also the solid
phase concentration of B species, CB, is pondered,
either expressed in moles per unit volume of the solid
or as mole fraction, or by another adequate form. This
methodology allows expressing the concentration of B
in the solid as a function of its conversion, CB = CB0 (1
−α), which will be helpful to obtain the final rate
equation in a measurable form. The other concentrations
(of A and E) could also be expressed taking the conver-
sion into account, but a simplification can be made to
allow an easier mathematic manipulation of the rate
equations. Hence, provided there is an excess of reagents
A and E, their concentration can be considered constant
(or with negligible variation) and therefore only the
reacting solid particles are expressed as a function of
the conversion. This is valid for the present case, since
the consumption of the reagents due to the PGMs leach-
ing is negligible; accordingly, even considering that
other metals can be leached, such as aluminum, the
quantities reacted are still not substantial regarding the
total acid concentration (this fact will be deeply analyzed
later in the Results section, when discussing the leaching
behaviour of aluminum). Furthermore, even when alumi-
num dissolution is more extensive (e.g. at higher temp-
eratures and HCl concentrations) it dissolves slowly (as
it will also be seen later), and so in the time region
where PGMs kinetics is being evaluated the reagents
variation is negligible. Based on the previous assump-
tions, when expressing in equation (3) the relation
between CB and conversion, and applying it in equation
(2), the differential rate equation depicted in equation (4)
is obtained,
da
dt
( )
= b Ag C
a
A C
e
E C
n
B0
VB0r
k(1− a)n = kR(1− a)n (4)
where kR represents an apparent rate constant incorpor-
ating all the parameters not changing with time, valid for
a specific set of experimental conditions, equation (5),
kR = b Ag C
a
A C
e
E C
n
B0
VB0r
k (5)
and depending on the temperature (T ) in the same way
as the real kinetic constant, given by the Arrhenius
relation, equation (6),
kR = k0 exp − EART
( )
or ln kR = ln k0 − EART (6)
where EA is the activation energy, k0 a proportionality
constant, and R the gas constant.
The integration of equation (4) leads to the final inte-
grated rate equation that can be applied to the exper-
imental data, as presented in equation (7).
1
n− 1 [(1− a)
1−n − 1] = kR t, n= 1 (7)
The first member of equation (7) is a function called g(α).
This expression is the general rate equation adopted in
this work, instead of the expressions normally used,
based on geometrical models such as the shrinking core
or the shrinking particle models [22–24]. In fact, an evalu-
ation of the reaction characteristics led us to decline the
use of these classical models, since their assumptions –
a particle with a set geometry that shrinks with time
until it completely dissolves – is not observed in the
present case. As documented in the literature [25], the
spent catalyst processed in this work is a honeycomb
structure of ceramic (cordierite) matrix with a thin layer
of alumina in its exterior surface (washcoat), where the
particles of the PGMs are distributed (Figure 1). The cor-
dierite does not react with the leach medium, hence the
particles size and shape do not change significantly
during the reaction. Even considering that the washcoat
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layer can react and dissolve (at least partially), this is only a
small part of the total weight of the solid particles. Accord-
ingly, any model dealing with particle shrinking phenom-
ena seems inadequate. It is worth mentioning that
attempts to apply these models to the experimental
data were nevertheless made, but poor results were
indeed obtained.
Influence of temperature
The influence of temperature on Pd and Rh recoveries
along the reaction time was evaluated in a series of
experimental tests, carried out at several temperatures.
The remaining conditions were maintained constant.
As shown in Figure 2, the variation of temperature has
a pronounced effect, mainly at the initial times, which
is attenuated as the reaction proceeds. The reactions
are really faster at higher temperatures, where the
metal yields observed at 5 min are close to the
maximum achievable. Pd yields are clearly higher than
those of Rh. At 100°C, yields close to 83% for Pd and
66% for Rh were reached after 2 h.
The application of the integrated rate expression –
equation (7) – to the experimental data requires the
knowledge of parameter n. The determination of this par-
ameter was made as described in sequence. Firstly, the
data (α, t) for each test was adjusted according to the
linear relation g(α) = kR t (the origin of the straight line
being zero) through the variation of the n values, and
the best fit achieved by the squared correlation coeffi-
cient was then evaluated. For each case, the value of n
allowing the best fit was subsequently found, being
called ni (see Table 1). As can be seen for Pd, most of
the values determined were not quite different, except
for the lowest temperature (25°C). For the range 40°C–
100°C an average value of n can be adopted (4.18 ±
0.34), while for 25°C the value of n is different (1.6). This
difference clearly shows a change in the reactionmechan-
ism for the lowest temperature. For Rh two distinct
regions were also found; however, the differences
between ni values were not so evident as for Pd.
Average n values of 6.7 ± 0.2 and 4.9 ± 0.3 for 25°C–40°C
and 60°C–100°C, respectively, were considered.
Figure 2. Experimental and theoretical leaching yields obtained at different temperatures, for (a) Pd, and (b) Rh ([HCl] = 2 M; [Cu2+] =
0.05 M); RL/S = 20 L kg
−1; d50 = 0.61 mm; sv = 250 min
−1).
Figure 1. Scheme describing the solid composition of the spent
catalyst and the reaction of PGMs particles with the leaching
agents.
Table 1. Values of coefficient n on equation (7) and apparent rate
constants for different temperatures ([HCl] = 2 M; [Cu2+] =
0.05 M).
Temperature (°C)
Pd Rh
ni n kR (h
−1) ni n kR (h
−1)
25 1.6 1.6 0.237 6.8 6.7 0.125
40 4.2 4.18 3.04 6.6 6.7 0.663
60 4.3 4.18 9.45 5.2 4.9 0.984
80 3.7 4.18 46.4 4.9 4.9 1.65
100 4.5 4.18 111 4.6 4.9 7.87
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The application of the integrated rate expression to
the experimental data for the adopted values of n is
depicted in Figure 3. Note that the experimental values
considered in the application of the model were only
those before the stabilization of the leaching yields (for
reaction times before that occurrence), to avoid strong
deviations. It can generally be said that the experimental
data fit reasonably to the linear relation, with some devi-
ations in a few points, which can be explained by the
occurrence of experimental errors. These deviations
essentially affect the first points (e.g. for 5 min), where
less accuracy due to lack of mixture, temperature gradi-
ents and sampling errors can be expected (e.g. the
time elapsed between the sampling and the separation
of the liquid from the solid). The slopes of the linear
fits are the apparent rate constants, presented in Table
1. The curves of leaching yields versus time, predicted
from the model and expressed by equation (7), were
therefore determined and are plotted in Figure 2,
together with the experimental data, where it is seen
that they are a good estimation of the reaction progress
at the different temperatures.
Figure 4 shows the result of the application of the
Arrhenius plot – equation (6) – using the obtained rate
constants. For Pd, two different regions were identified:
one in the range 40°C–100°C and the other between
25°C and 40°C. This behaviour is attributed to the
different contributions of diffusion and surface chemical
phenomena. At higher temperatures, the chemical reac-
tion is faster and then the diffusion constraints can affect
the overall reaction rate; accordingly, the slope of the
Arrhenius plot is smaller under these circumstances.
Regarding Rh, it is not so easy to assign different beha-
viours to the diverse ranges of the plot due to the
higher fluctuation of the data. Thus, a single straight
line was adopted for this case. The activation energies
for both metals were estimated as 60.1 ± 4.1 kJ mol−1
for Pd and 44.3 ± 7.3 kJ mol−1 for Rh. Both are sufficiently
expressive to attribute the rate limiting step to the
surface chemical reaction, but not high enough to disre-
gard some contributions from the diffusion phenomena
at higher temperatures (although clearly less important
than the chemical step).
Other authors have also applied kinetic models to
PGMs leaching in chloride media. A power rate law was
applied to the aqua-regia leaching of Pt from a reforming
Figure 3. Application of the integrated rate equation to the experimental data acquired at different temperatures, for (a) Pd, and (b) Rh.
Figure 4. Application of the Arrhenius plot to the experimental
data, for estimation of the activation energies.
Table 2. Values of coefficient n on equation (7) and apparent rate
constants for different leachants concentrations (temperature =
60°C).
[Cu2+] (M) [HCl] (M)
Pd Rh
ni n kR (h
−1) ni n kR (h
−1)
0.05 1 2.8 2.8 2.38 3.0 3.0 0.204
2 4.3 4.3 10.6 5.2 5.37 0.850
4 4.1 4.3 52.2 5.7 5.37 1.00
6 4.5 4.3 88.0 5.2 5.37 1.54
0.01 2 4.1 4.21 4.17 6.0 5.68 0.389
0.05 4.3 4.21 9.79 5.2 5.68 0.929
0.15 4.15 4.21 13.3 6.0 5.68 1.10
0.30 4.3 4.21 18.2 5.5 5.68 1.39
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catalyst and an activation energy of 72.1 kJ mol−1 was
obtained [26]. The leaching of Pd and Rh from an auto-
catalyst with HCl/H2O2/NaClO was also studied, using
the unreacted shrinking core model, and values of acti-
vation energy of 63.5 and 77.9 kJ mol−1 were found for
Pd and Rh, respectively [10].
Influence of leachants concentration
The influence of the leachants concentration was evalu-
ated by a series of tests where these factors were
changed, maintaining the remaining parameters con-
stant. The temperature was set at an intermediate
value (60°C). For testing the effect of the HCl concen-
tration, [Cu2+] was maintained at 0.05 M, while for study-
ing the effect of the cupric ion concentration the acid
was set at 2 M.
Figure 5 shows the leaching yield curves for the
several HCl concentrations. A test without HCl (with
cupric chloride as leachant only) is also presented for
comparison purposes, showing its lack of effectiveness.
It is observed that the acid improves the leaching of
Pd, but this effect reduces above 4 M HCl. Concerning
Rh, the yields found were substantially lower, and the
leaching efficiency was not significantly improved for
HCl concentrations higher than 2 M. For Rh, the tempera-
ture effect seems to be more important than the acid
concentration. The same procedure described in the pre-
vious section was adopted for these series of tests, in
order to estimate the n parameter that allows the best
fitting. The values obtained are presented in Table 2
(first series of data for 0.05 M Cu2+) and the plots can
be seen in Figure 6. For the range 2–6 M HCl the
values obtained are of the same magnitude, so an
average value was adopted, being n = 4.30 for Pd and
n = 5.37 for Rh. For the lowest HCl concentration, these
numbers are no longer valid, the values determined
being near 3 for both metals. Figure 6 also shows that
the fittings for Rh are worse than those for Pd, and for
1 M HCl the fitting for Rh is completely inadequate.
The apparent rate constants were also determined
from the slopes of the fittings (Table 2) and plotted
against the HCl concentration (in the log-log form), as
Figure 5. Experimental and theoretical leaching yields obtained at different HCl concentrations, for (a) Pd, and (b) Rh (60°C; [Cu2+] =
0.05 M; RL/S = 20 L kg
−1; d50 = 0.61 mm; sv = 250 min
−1).
Figure 6. Application of the integrated rate equation to the experimental data acquired at different HCl concentrations, for (a) Pd, and
(b) Rh.
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can be observed in Figure 7. This representation is based
on equation (5) and allows the determination of par-
ameter a (the reaction order referring to HCl). The
values obtained were 2.1 ± 0.1 for Pd and 1.0 ± 0.3 for
Rh. HCl concentration has thus a double power effect
on the reaction rate of Pd relative to that of Rh.
A similar study was performed for the evaluation of
the effect of cupric ion concentration on the reaction
rates, and the subsequent determination of the respect-
ive order. The experimental data is plotted in Figure 8,
showing that the presence of cupric chloride is essential
to improve the rate of the reactions. When comparing
the curves using different Cu2+ concentrations with the
profile without Cu2+ (with HCl only) the difference for
the initial period of the reactions is clear, but the dissim-
ilarities attenuate as the reaction time is extended. The
plots of g(α) = kR.t are depicted in Figure 9, and the result-
ing n values are also presented in Table 2 (second data
series for constant 2 M HCl). In this case, all the n
values determined for different concentrations were
compatible, allowing the adoption of the average
values (4.21 for Pd and 5.68 for Rh). The fitting for Rh
at lower cupric ion concentration shows a large deviation
from the linear plot, which is also observed when the
predicted model is compared with the experimental
data (see Figure 8(b)). For the other Cu2+ concentrations
(0.05–0.30 M) the fittings seem to be better predictions
of the reaction evolution.
In Figure 10, the log-log plot of the apparent rate con-
stants versusCu2+ concentration according to equation (5)
is presented, allowing the determination of parameter e
(the reaction order relative to cupric ion). The values
obtained for Pd and Rh are comparable, 0.42 ± 0.04 and
0.36 ± 0.06, respectively, seeming to indicate that the oxi-
dation mechanism of both PGMs is probably similar.
Influence of particle size and stirring
Particle size and stirring velocity are two other factors
that can affect the efficiency of a leaching reaction. The
particle size may influence the surface area exposed to
the leachant (smaller granulometry usually leads to
higher efficiency). Stirring velocity is essentially related
to diffusion phenomena, since higher stirring usually pro-
motes mass transfer of reactants and reaction products
in solution, as the diffusion layer at the solid/liquid inter-
face is reduced.
The particle size effect was evaluated by comparing
the leaching behaviour of the grinded catalyst monolith
with three different size distributions (standard, fine and
coarse materials) prepared as described in the exper-
imental section, and already characterized. The leaching
efficiency found for Pd and Rh as a function of time, for
the three granulometries, can be observed in Figure 11.
The results show that the particle size has no significant
effect on the leaching efficiency within the range tested.
Figure 7. Plot of the apparent rate constants as a function of HCl
concentrations for the determination of the reaction orders.
Figure 8. Experimental and theoretical leaching yields obtained at different Cu2+ concentrations, for (a) Pd, and (b) Rh (60°C; [HCl] =
2 M; RL/S = 20 L kg
−1; d50 = 0.61 mm; sv = 250 min
−1).
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This fact is consistent with the distribution of PGMs on
the surface of the monolith material (in the washcoat
layer); thus, the grinding action does not seem to
change the accessibility of the leachant to the PGMs.
Overgrinding should be minimized for economic
reasons, since this operation can only be justified to
facilitate material handling or for homogenization
purposes.
Concerning the stirring effect, four levels of rotational
speed were tested: 80, 150, 250 and 350 min−1. According
to the size of the paddle impeller, the correspondent tip
velocities were 0.15, 0.28, 0.47 and 0.66 m s−1, respect-
ively. The results obtained, depicted in Figure 12, show
that stirring is not a significant parameter affecting
PGMs reaction kinetics and yields. This outcome indicates
that the surface chemical step is probably the most impor-
tant stage of the reaction (i.e. the controlling step), the
interface diffusion phenomena being less relevant. The
collected data also provide values for the leaching yields
obtained at higher reaction times than the previous
ones (6 h instead of 4 h). Hence, a slight increase in the
leaching yields for Rh is still observed after 6 h, again cor-
roborating that leaching is undoubtedly slower for Rh
than for Pd.
Leaching at different liquid/solid ratios
The liquid/solid ratio (RL/S) can affect the leaching
efficiency in two ways: (a) the leachant amount (concen-
tration plus volume), higher as RL/S increases, determines
the extent of the leaching reaction; and (b) the volume in
which the metals are solubilized determines their
Figure 9. Application of the integrated rate equation to the experimental data acquired at different Cu2+ concentrations, for (a) Pd, and
(b) Rh.
Figure 10. Plot of the apparent rate constants as a function of
Cu2+ concentration for determination of the reaction orders.
Figure 11. Leaching of Pd and Rh as a function of time for
different particle sizes (80°C; [HCl] = 6 M; [Cu2+] = 0.15 M; RL/S
= 20 L kg−1; sv = 250 min−1). Lines presented are average
numerical fittings considering all the experimental points.
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attainable concentrations in the leach liquor (lower as RL/
S increases). Optimal conditions from both technical and
economical points of view are normally those corre-
sponding to a conciliation of using values of RL/S as
lower as possible without compromising the reaction
efficiency, in order to attain the highest possible metal
concentrations in solution. Therefore, advantages can
be expected in further solution processing and metals
recovery efficiency, in addition to decreasing costs due
to volume inventory and plant capacity.
The influence of RL/S in the metals leaching was eval-
uated in the range of 4–20 L kg−1 while all the other par-
ameters remained unchanged (Figure 13). Pd and Rh
leaching yields are not considerably affected by this
factor, although some enhancements, especially for the
higher values, can be noted. Figure 13 also shows the
concentrations of PGMs attained in the leach liquors.
The dotted lines are the predicted Pd and Rh concen-
trations for the different values of RL/S, determined by
applying a concentration factor (inverse to RL/S) to the
concentrations obtained at the higher RL/S (20 L kg
−1).
As an example: for Pd, the concentration observed for
20 L kg−1 was 20 mg L−1 and, therefore, a five-fold
increase (20/4) was expected in the solution concen-
tration for RL/S = 4 L kg
−1 for the same leaching yield.
The value observed (88 mg L−1) was lower than the
one predicted (100 mg L−1), denoting some influence
of the RL/S, but with a lower significance than for the
other leaching factors. For Rh the observed effect was
similar.
Behaviour of other metals
The final composition of the leach liquors, namely the
concentrations of the accompanying metals, is an impor-
tant issue to design the best hydrometallurgical process
scheme for separation, purification and recovery of
PGMs. Therefore, the final leach solutions obtained in
this work were analyzed for the metals identified in the
catalyst monoliths. It was generally observed that, for
most of them, the attained concentrations of the accom-
panying metals were not dependent on the conditions
applied, the deviations found being normally explained
by the heterogeneity of distribution. Leaching yields at
room temperature and at 100°C did not vary signifi-
cantly, and similar results were observed for different
HCl concentrations in the presence and absence of
cupric ion. The data obtained prove that it is mainly
the acid that reacts with the metal species, most of
them probably in the oxide forms. Significant differences
with time were also not observed within the range of 1–
4 h. The only remarkable variation is when the RL/S was
changed; for this case, the leaching yields were typically
the same, but the metals concentrations increased in the
inverse proportion of RL/S.
Table 3 summarizes a collection of results (ranges of
concentrations) that illustrate these findings. Ce, La and
Zr are constituents of the washcoat of the catalyst,
while the remaining metals are contaminants coming
from the fuel composition, as described elsewhere [4],
and emitted as fine particles in the exhaustion gases.
Taking into account the initial concentrations of these
metals in the catalyst, it can be concluded that the leach-
ing efficiencies attained were relatively low for all these
elements (estimated as <25% for La and Ce, and <0.2%
for Zr). However, since Ce and La initial contents are
Figure 12. Leaching of Pd and Rh as a function of time for
different stirring velocities (80°C; [HCl] = 6 M; [Cu2+] = 0.15 M;
RL/S = 20 L kg
−1; d50 = 0.61 mm). Lines presented are average
numerical fittings considering all the experimental points.
Figure 13. Influence of liquid/solid ratio in the Pd and Rh leach-
ing yields, and in their correspondent concentrations in the leach
solution (80°C; [HCl] = 6 M; [Cu2+] = 0.15 M; t = 1 h; d50 =
0.61 mm; sv = 250 min−1).
ENVIRONMENTAL TECHNOLOGY 9
significant, the leach solution concentrations obtained
for these metals are very reasonable, particularly for Ce.
These elements are valuable, and their recovery from cat-
alysts should not be neglected. However, the recovery of
Ce, La and Zr is out of the scope of the present article.
Other studies have already proposed some processes
for Ce recovery, namely by a previous leaching step
with sulfuric acid solutions and a reducing agent [15]
or by precipitation as alkali-Ce double sulfate from
leach liquors [27].
Aluminum is the only exception for the behaviour pre-
viously described, since results demonstrate that its con-
centration in the leachates changes with the variation of
the leaching factors investigated. Figure 14 shows the
evolution of Al concentration with time for different
values of temperature, as well as its dependence on
HCl and Cu2+ concentrations. In addition to the notorious
effect of time, the important roles of temperature and
acid concentration in Al dissolution are also well visible.
Al concentrations up to near 4 g L−1 for the higher
levels of these factors were found in the leach liquors.
By the contrary, cupric ion concentrations have no
effect on Al dissolution, demonstrating the acid/base
character of the Al2O3 leaching reaction. In the tests
carried out at lower RL/S, the Al concentrations obtained
increased, as values of 12 and 14 g L−1 Al were found for
RL/S = 6.7 and 4 L kg
−1, respectively. Since the leaching
conditions used in this work do not seem to promote
the chemical attack of the ceramic matrix (cordierite)
the only source for dissolved Al should be the Al2O3
species present in the washcoat. Actually, the compari-
son between the initial and final weights of solids in
the leaching experiments showed typical values of
weight loss in the range 10%–27%, depending on the
conditions. In accordance with published data [28], the
washcoat material is estimated to be about 10%–25%
of the total weight of a monolith, values laying within
the range of weight loss observed for most of the exper-
iments reported herein. However, two exceptions
occurred, for which the weight losses were significantly
higher (near 45%): the first one was for 100°C (and 6 M
HCl, 0.05 M Cu2+, RLS = 20 L kg
−1) and the second for
the fine ground material, d50 = 0.016 mm (and 80°C,
6 M HCl, 0.15 M Cu2+, RLS = 20 L kg
−1). For these
extreme conditions (of high temperature or thinner gran-
ulometry) part of the Al from the ceramic matrix should
be eventually attacked and leached. In fact, this assump-
tion is sustained by the higher Al concentrations in sol-
ution observed for the leaches coming from these two
experiments (about 9–12 g L−1) when compared to the
Figure 14. Evolution of Al dissolution in the leaching tests at different process conditions: (a) variation with temperature; (b) variation
with HCl concentration; (c) variation with Cu2+ concentration. Constant factors: RL/S = 20 L kg
−1; d50 = 0.61 mm; v = 250 min
−1.
Table 3. Typical concentrations in the leach solutions, after 4 h of reaction, of other metals present in the catalyst monolith.
Test Conditions
Leach solution concentration (mg L−1)
Fe Zn Ni Cr Ca Ce La Zr
Tests with RL/S = 20 L kg
−1 and with variation of all the other factorsa 37–100 6–11 2–4 4–12 33–70 460–570 60–80 0–3
Tests with RL/S < 20 L kg
−1b
RL/S = 10 L kg
−1 163 13 4.5 13 33 870 126 0.9
RL/S = 6.7 L kg
−1 250 21 7 16 110 1350 194 1.5
RL/S = 4 L kg
−1 364 30 11 44 164 2270 369 2.6
aSeries of tests with variation of temperature (25–100°C), [HCl] (2–6 M) and [Cu2+] (0–0.3 M).
bTests at 80°C, 6 M HCl and 0.15 M Cu2+.
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values generally obtained for all the other solutions
when the same RL/S was used (always <5 g L
−1, with
weight losses <27%).
The determination of the final H+ concentration in all
the solutions coming from the performed leaching tests
should allow the evaluation of the spent acid in the
process. Figure 15 shows the relation between the
measured final acidity values of the leach liquors and
the ones predicted. The dotted line indicates the
region where both concentrations are equal. The pre-
dicted H+ concentrations were taken from the stoichi-
ometry of the reactions and the leaching yields
achieved, considering all the analyzed metals. As an
example, the contribution of dissolved Al for the pre-
dicted acid consumption was calculated from the Al con-
centration found in solution, and taking into account its
initial form, Al2O3, i.e. assuming that three H
+ moles are
consumed per mole of Al. The experimentally measured
acidity is, for some tests, lower than the predicted one,
indicating that probably other reactions involving other
species than those considered in this evaluation should
be responsible for some acid consumption. This behav-
iour is more visible when higher acid concentrations
are used. Nevertheless, the results demonstrate that
the dissolution of Al2O3 is the major acid consumer,
accounting for near 90% or even more of the total H+
spent.
Conclusions
The leaching of palladium and rhodium from a spent
auto-catalyst in HCl/Cu2+ media was studied. Based on
a kinetic model proposed for the present case, the
influence of temperature was assessed, and the
activation energies were estimated as 60.1 ±
4.1 kJ mol−1 for Pd and 44.3 ± 7.3 kJ mol−1 for Rh. The
chemical reaction at the catalyst surface seems to be
the most relevant step, but diffusion phenomena
cannot be disregarded, although being less significant.
The stirring velocity was found to be irrelevant, which
supports the previous conclusion. The influence of the
leachant concentration was also tested, from which the
reaction orders were estimated, being for HCl: 2.1 ± 0.1
(Pd) and 1.0 ± 0.3 (Rh); and for Cu2+: 0.42 ± 0.04 (Pd)
and 0.36 ± 0.06 (Rh). The particle size was not a relevant
factor for the leaching efficiency, supporting the assump-
tion that PGMs particles are on the surface of the catalyst,
and therefore further grinding of the matrix does not sig-
nificantly change the available area for the reaction to
take place. The use of lower values for the liquid/solid
ratio allowed the production of high Pd and Rh concen-
trated liquors without losing efficiency. The major con-
taminant of the leachates is aluminum, dissolved from
the washcoat layer. To improve the selectivity for the
PGMs leaching, the main process parameters, such as
acid concentration, temperature and reaction time,
should be adequately controlled.
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